ABSTRACT
INTRODUCTION
determine wildfire behaviour. Thus there is a need from both basic and applied research 48 perspectives for a better understanding of the pattern and process of vegetation burning. 49
Fire scientists have often made a distinction between 'natural' and 'anthropogenic' fire regimes 50 (Bowman et al., 2011) . The idea of a 'natural' fire regime is a useful concept because, for example, 51
there is evidence that natural fires and anthropogenic fires have different characteristics in terms of 52 spatial extent and duration (Archibald et al., 2009) ; managers often advocate reinstating a 'natural' 53 fire regime, rather than trying to suppress all fires (Jensen & McPherson, 2007) . However, it is 54
difficult to determine what the natural fire regime is in a given environment, because even in 55 sparsely populated parts of the world, people probably start the majority of fires today. For 56 example, 86% of recorded fires in protected forests in boreal Russia between 1986 and 1995 were 57 anthropogenic (Shvidenko et al., 1998) , while in the Mediterranean today c. 95% of fires are 58 anthropogenic, accounting for > 90% of the total area burned (Ganteaume et al., 2012; Keeley et al., 59 2012) . 60
A key research aim is therefore to understand the behaviour of natural wildfires. Historical data sets 61 based on satellite observations (in the last few years only) or on records kept by organizations such 62 as governmental forestry departments inevitably conflate anthropogenic and natural ignitions. Such 63 data sets cannot give us insights into, for example, whether regular burning is an inherent property 64 of certain vegetation types. An alternative source of evidence for fire regimes is the palaeoecological 65 record. Charred particles produced during fires are often preserved in lake, mire and marine 66 sediments. Compilations of such records (e.g. Power et al., 2008; Marlon et al., 2009a Marlon et al., ,b, 2013 67 Vannière et al., 2011) have produced useful global and regional syntheses of Lateglacial to Holocene 68 6 evidence for sustained occupation of sites in and around the Ioannina basin by Homo sapiens during 132 the latter part of the Last Glacial and during the Holocene. There are numerous sites dating to the 133 Upper Palaeolithic (including some well-known caves and rockshelters in the Ioannina basin and 134 nearby; Bailey, 1997; Galanidou et al., 2000; Galanidou & Tzedakis, 2001) , Mesolithic (sites in the 135 wider region; Harrold et al., 1999; Gjipali, 2006; Galanidou, 2011) , and Neolithic (sites within the 136 Ioannina basin at Asfaka and on Kastritsa hill, and in the wider region at Gouves and Doliana; 137 Dousougli, 1996; Dousougli & Zachos, 2002; Youni, 2010) . There may have been a hiatus in activity 138 during the Early and the Middle Bronze Age (c. 5.0-3.6 ka), followed by intensified settlement and 139 exploitation during the Late Bronze Age (3.6-3.1 ka, with over 40 sites known from the Ioannina 140 basin), continuing into the Early Iron Age (12 sites reported from the same area; Zachos, 1997; 141 Vasileiou, 2010) . Since then the basin has probably remained continuously occupied until the 142 present day. 143
MATERIALS AND METHODS

144
Core I-284 (39° 45' N, 20° 51' E, 472 m a.s.l.; Fig. 1 ) was retrieved from the Ioannina basin by the 145 Greek Institute of Geological and Mineral Exploration using a truck-mounted coring rig. The core is 146 319 m long and, beneath c. 4 m of sand and gravel, consists of olive-grey lake silts with varying 147 carbonate content (Frogley, 1997) . The age model (Table 2 ) and pollen data used here have been 148 published previously (Frogley et al., 1999; Tzedakis et al., ,b, 2003 . 149
We assume that the influx of charcoal to the sediment is an index of the quantity of biomass burning 150 (by which we mean the amount of biomass burnt during a given period within a certain area around 151 the core site, which would have units of kg yr -1 ha -1
). The area of (assumed planar) charcoal in the 152 pollen slides was quantified using the point-count technique (Clark, 1982) Stockmarr, 1971) were counted in each sample. 156 Figure 2 shows the climatic context of the two intervals studied here. Contiguous sampling is 157 impractical over such a long sequence, and the sampling interval is variable due to previous sub-158 sampling. The estimated mean time interval between samples is 220 years. Each sample represents 159 a 1-cm thickness of sediment which represents between 4 and 30 years of deposition. The Ioannina 160 sediments are not laminated, which indicates that the sediments have been mixed after deposition 161 by bioturbation and/or wave action. Furthermore, the Ioannina basin is large (the lake had a 162 maximum extent of 35 km × 11 km), and charcoal was probably recruited from at least within the 163 entire hydrological catchment (absolute limits of the airborne charcoal source area are undefinable; 164 cf. Prentice, 1985) , an area large enough (420 km 2 ) that even the largest fires might not have 165 affected the whole area. Fire return intervals, a potentially very useful index of past fire regimes, can 166 only reasonably be estimated using unmixed, annually laminated sedimentary records with 167 contiguous sampling, in lakes with catchments small enough to only be affected by one fire at a 168 time; this is not the case at Ioannina. Instead, when we discuss 'burning regimes' in this paper, we 169 interpret each sample in the charcoal record as containing information about the amount of biomass 170 burnt over a period of several years, averaged over the catchment as a whole. Changes in the rate of 171 biomass burning over time should be discernible in our record, even though not every fire event will 172 be captured by the discontinuous sampling. 173
We compared the two interglacials with reference to peaks in the 40° N 21 June insolation curve 174 (Fig. 3; Laskar et al., 2004) . Comparing interglacials in this way is justified because (1) orbital 175 parameters are well established to be the pacemaker of glacial-interglacial climatic variability (Hays 176 et al., 1976) ; (2) summer insolation is a good predictor of local summer temperatures today 177 (Huybers, 2006) and can therefore be expected to exert a strong control on peak fire season 178 temperatures in locations far from oceans and ice sheets; and (3) the pattern of vegetational 179 succession in both periods is most similar when they are aligned on the insolation peak (Magri & 180 Tzedakis, 2000) . Informal subdivisions are made as follows (Table 2) : the 'full glacial', > 3.5 kyr before 181 the insolation peak, when arboreal pollen (AP) is at typically low glacial values; the 'late glacial', 0.5-182 3.5 kyr before the insolation peak, during which AP gradually rises to interglacial values; the 'early 183 interglacial', from 0.5 kyr before to 2.3 kyr after the insolation peak, during which maquis taxa are 184 abundant, indicating summer aridity (Tzedakis, 2007) ; the 'mid interglacial', 2.3-5.2 kyr after the 185 insolation peak; the 'late interglacial', 5.2-11.2 kyr after the insolation peak, which during the 186 Holocene is characterized by loss of forest cover, soil erosion, and other changes attributed to 187 human impact on the landscape; and, in the Last Interglacial part of the record only, the 188 'interglacial/stadial transition' (including part of the end of the forested interglacial and the 189 beginning of the ensuing unforested interval), beginning 11.2 kyr after the insolation peak. 190
The climate at Ioannina today has the typical mediterranean climatic features of mean winter 191 temperatures above freezing and a strong summer drought, although the elevation of the basin 192 means that temperatures are lower and rainfall is higher than in the coastal lowlands. Mean January 193
and July temperatures at the Ioannina meteorological station at 483 m a.s.l. are 4.7 °C and 24.8 °C, 194 respectively, and monthly precipitation varies from a maximum of 175 mm in December to a 195 8 minimum of 31 mm in August with an annual total of 1082 mm (mean values for the period 1956 -196 1997 HNMS, 2012) . 197
RESULTS
198
The charcoal data are presented in Fig . During this period AP declines 215 substantially from c. 75% to c. 20%, rebounds to c. 70%, then declines to c. 15%. 216 Table 3 presents coefficients for Spearman's rank correlation between the charcoal data and 217 selected pollen taxa shown in Fig. 3 . The strongest correlations occur in the Last Interglacial 218 (excluding the preceding glacial), where charcoal influx is strongly negatively correlated with the 219 proportions of AP and most tree taxa, and positively correlated with the proportions of grass and 220 steppe taxa. 221 Table 4 presents significance tests to accompany the box-and-whisker plots in Fig. 4 . They suggest 222 that charcoal influx differs significantly between the mid interglacial and, more marginally, late 223 interglacial parts of the records. 224 9
DISCUSSION
225
The presence of charcoal in every sample analysed indicates that fire was a persistent element in 226 both glacial and interglacial environments throughout the periods studied. 227
The Last Interglacial and penultimate glacial 228
The charcoal record from the Last Interglacial and penultimate glacial offers insights into the 229 functioning of fire regimes under, at least, less anthropogenic influence than today. 230
There is a positive correlation between charcoal influx and deciduous tree pollen percentages (Table  231 3), suggesting that interglacial forests supplied more charcoal per unit time to the lake sediments 232
than the more open steppic grasslands of the glacials (the same is true for the last glacial/Holocene). 233
Other authors have considered that in semi-arid environments, total biomass (fuel load) may be the 234 In general, low correlation coefficients between the abundance of individual taxa (or groups of 254 related taxa) and charcoal suggest that, within the wooded ecosystems represented in our record, 255 the composition of the woodland was less important than the overall biomass in determining the 256 total amount of burning in the long term. In particular, there is no relationship between charcoal 257 influx and the abundance of Pinus (pine) pollen. Some species of pine, particularly lowland species 258 such as Pinus halepensis, burn readily and may benefit competitively from fires (Grove & Rackham, 259 2001, p. 219) . The Ioannina record, with its mountainous catchment, may be dominated by less fire-260 adapted upland species such as Pinus nigra (Roucoux et al., 2011) . 261
Holocene and last glacial fire regimes, and human activity 262 During the part of the last glacial studied here, charcoal influxes were low and similar to those of the 263 penultimate glacial (Fig. 4) . 264
During the early and middle parts of the Holocene, before 6 ka, charcoal influx values are usually 265 rather higher, and much more variable, than in the orbitally equivalent parts of the Last Interglacial 266 (Fig. 4) . This would suggest more intensive burning during the early and middle part of the Holocene. 267
One possible explanation is that humans may have altered fire dynamics during that period. 268
However, pollen influxes are also much higher in the early Holocene than in the equivalent part of 269 the Last Interglacial and there are considerable differences in the pollen assemblages, both of which 270 suggest that a third factor is involved. Possibly, some additional transport pathway was bringing 271 both pollen and charcoal to the lake in the early Holocene, perhaps linked to changes in basin 272 morphology or erosional changes (but there is no sedimentological support for this: Lawson et al., 273 2004) . More plausibly, the lower AP percentages in the early Holocene suggest a more open 274 landscape (perhaps due to human activity or climatic differences) which could have led both to more 275 burning and to greater charcoal and pollen transport (because wind speeds are higher in more open 276 forests). 277
Our observation that charcoal influx increased during the last glacial-interglacial transition, with 278 more burning during the Holocene than during the Last Glacial Maximum (LGM, c. 20 ka), agrees 279 with the synthesis of Power et al. (2008) , which showed that this pattern is typical across Europe. 280
However, the increase in charcoal influx is much weaker during the transition from the penultimate 281 glacial to the Last Interglacial. While climatic differences between the two transitions could explain 282 the difference in fire behaviour, it is equally possible that the increased activity of humans is the 283 critical factor, either through their direct use of fire, or as an indirect consequence, for example by 284 opening up dense woodland or reducing herbivore populations (e.g. Caldararo, 2002; Gill et al., 285 2009) . , though this does not seem to have transported 315 additional charcoal to the lake. Elsewhere in Greece a similar transformation of the landscape 316 occurred at different times and rates in different places, often around 9 ka and generally intensifying 317 around 4 ka (during the Bronze Age; e.g. van Andel et al., 1990; Bintliff, 2002; Fuchs, 2007) . Charcoal 318 influx values in this part of the Ioannina record largely mirror the changes in AP, which suggests that 319 again, biomass was the main control on charcoal production. However, after c. 3 ka, high charcoal 320 influx values persist despite low AP and low pollen influx, which suggests more intense burning. 321
Increased charcoal abundance in later Holocene deposits is common in Mediterranean sequences 322 and the consensus view is that it represents the effect of human-induced intensification of burning 323 regimes (e.g. Colombaroli et al., 2009; Kaltenrieder et al., 2010; Vannière et al., 2011) . 324
CONCLUSIONS 325
Our record shows that fire has been important at Ioannina since at least 133 kyr BP and appears to 326 have played a role in shaping local ecosystems over a long period. The important role of fire should 327 therefore be considered when managing similar ecosystems today. 328
Although the steppe-grasslands of glacial periods were subject to burning, woodlands produced 329 more charcoal per unit time; peak burning occurred under conditions of intermediate moisture 330
availability. In the wooded ecosystems of the Last Interglacial, woodland composition was less 331 important than total biomass in determining total charcoal production. 332
Fire regimes throughout the Holocene were different from those of the Last Interglacial. More 333 burning took place during the early Holocene, between 11.5 and 6 ka, than during the orbitally-334 equivalent part of the Last Interglacial. The greater presence of humans during the Holocene could 335 explain this difference, but climatic differences between the two interglacials may also be 336 responsible. Charcoal influx declined between 6 and 3 ka, possibly responding to reduced biomass 337 due to deforestation, but increased again after 3 ka, perhaps reflecting more intensive use of fire by 338 humans. Thus, although climatic change remains an important process in determining fire regimes, 339 our results underline the need for caution in interpreting early-middle Holocene fire records as 340 representing purely natural events. Tables   570   Table 1 Chronological terms used in this paper, especially Fig. 4 and Table 2 Age control points in core I-284. The radiocarbon dates presented here are discussed in 576 , and are based on microcharcoal concentrates (the most amenable material for 577 dating in this hard-water lake). Additional age control points are derived 578 through (1) astronomical tuning of particular palynological events (peaks in pollen from 579 sclerophyllous taxa) to specific configurations of the Earth's orbit (perihelion occurring in northern 580 summer), as initially proposed by Magri & Tzedakis (2000) ; (2) phase-locking the midpoint of post-581
Heinrich cold-to-warm transitions during the last glacial to the North Atlantic-Greenland time-scale, 582 using marine-pollen sequences in the western Mediterranean as a stepping-stone. The Greenland 583 chronology used here is that of the GISP2 ice core, based on annual layer counting (Meese et al., 584 1997 Fig. 4) , atmospheric CO 2 concentrations from the 604 Dome C and Vostok ice cores (Loulergue et al., 2008) , and mean daily insolation for 21 June at 40° N 605 (Laskar et al., 2004) . The sections of the sequence investigated in this paper are shaded. 606 
